Background: Bifidobacterium breve M-16V (M16V) is a probiotic bacterial strain with a long tradition of use in neonatal intensive care units in some countries. Previous study showed that the effects of M16V administration on gene expression were greater during the weaning period than in the neonatal period and were greater in the colon than in the small intestine and spleen, suggesting that M16V has anti-inflammatory effects. In this study, we evaluated the effects of inflammation during the weaning period and the effects of M16V on normal and inflammatory conditions. Methods: From postnatal day (PD) 21 to 34, weanling rats were administered of 2.5 × 10 9 of M16V daily, and colitis was induced by administration of 2% dextran sulfate sodium from PD28 to 35. Colitis severity, immune function, and microbiota were investigated. results: Colitis caused a reduction in body weight gain, colon shortening, poor nutritional status, anemia, changes in blood and spleen lymphocyte populations, spleen T-cell malfunctions, and alterations in colon microbiota. M16V administration improved some but not all of the changes induced by colitis. conclusion: M16V could suppress inflammation and, therefore, can be considered a safe strain to use not only during the neonatal period but also the weaning period.
F
ollowing delivery, mammalian neonates come out from a germ-free uterus to a highly contaminated extrauterine environment, in which they are exposed to many bacteria and antigens (1) . During this process, trillions of microbes come to inhabit the mammalian neonatal intestine, and a complex symbiosis system termed microbiota is formed (1) . Microbiota is considered important for normal immunological development of the host. For example, reports have shown reduced diversity in the intestinal microbiota and an association of reduced beneficial microbes, such as lactobacilli and bifidobacteria, with increased risk of allergic disease (2) . Generally, bifidobacteria, a beneficial microbe, are more dominant in the intestinal microbiota of breastfed infants than in formula-fed infants (1, 3) . Additionally, the immune function of breastfed infants is reportedly different from that of formula-fed infants (4) , and as a result, breastfeeding is thought to protect infants from diseases such as allergy and pneumonia (4) . Consequently, numerous trials testing the benefits of probiotics against neonatal immunological development have been conducted (5) . Lactobacilli and bifidobacteria are commonly used as probiotics; however, bifidobacteria are reported to be more predominant than lactobacilli in human neonatal intestines (3) . There are many species within the bifidobacteria genus, among which, Bifidobacterium breve (B. breve) is one of the most abundant in human neonates (3) .
B. breve M-16V (M16V) is a probiotic strain that was isolated from the fecal sample of a healthy baby (6) . This strain has been used for low-birth-weight infants in neonatal intensive care units in Japan for more than 20 y and proves to be a suitable probiotic strain for routine use in preterm neonates in Australia (7) . M16V is effective in promoting the colonization of bifidobacteria in low-birth-weight infants (8) and showed antiallergic effects in mice (9, 10) and humans (11) . Ohtsuka et al. (12) evaluated the effects of M16V on different developmental periods (neonatal vs. weaning period) and tissues (small intestine, large intestine, and spleen) using microarrays. Their study showed M16V to be more effective during the weaning than the neonatal period and showed the strongest effect on the large intestine compared with the small intestine and spleen. They also showed that M16V appears to exert antiinflammatory effects. Inflammation causes various metabolic disorders (13) . Several studies regarding inflammation, such as necrotizing enterocolitis, during the neonatal period have been conducted, and rigorous studies are necessary due to the high mortality caused by necrotizing enterocolitis (14) . However, studies are lacking regarding inflammation during the weaning period. In this study, we induced inflammation in the colon by administration of dextran sulfate sodium (DSS) and evaluated the effects of inflammation during the weaning period and the effects of M16V under normal and inflammatory conditions using weanling rats.
RESULTS

Severity of Colitis and Nutritional Status
Disease activity index (DAI) scores were significantly higher in the DSS group than in the control group from days 3 to 7 (postnatal day (PD) 31-35) after colitis induction, and M16V significantly repressed DAI scores (except for PD 33) during Articles Izumi et al.
that period (Figure 1a) . Colitis repressed body weight gain and shortened the colon length (Figure 1b,c) . M16V could not improve the reduction in body weight gain, but it did repress colon length shortening. Colitis also suppressed plasma albumin levels (Figure 1d) , indicating a deterioration in nutritional status. M16V significantly suppressed the reduction in plasma albumin induced by colitis (Figure 1d) , although there were no differences in body weight reduction (Figure 1b) and in total diet intake between DSS and DSS+M16V groups (data not shown). According to histological analyses, M16V repressed the inflammation severity and inflammation extent, however, could not suppress the crypt damage ( Table 1) . As a result, M16V tend to suppress total inflammation score (P = 0.077). Representative histological images (shown near the average scores of each group) are given in Figure 1e -h. Colitis also reduced blood erythrocytes and Hb (Figure 2b,c) . Although colitis did not affect blood leukocyte counts (Figure 2a) , colitis altered leukocyte populations in blood and spleen (Figure 2e,g,i) . Colitis increased monocyte proportion in blood leukocytes and granulocyte proportion in spleen leukocytes, and decreased lymphocyte proportion in spleen leukocytes. M16V tended to suppress erythrocyte reduction (P = 0.058), significantly suppressed the Hb reduction in blood, and significantly suppressed monocyte increase in blood leukocytes induced by colitis. Colitis significantly induced inflammatory cytokines (IL-1α, IL-1β, and tumor necrosis factor α (TNF-α)), chemokines (Fractalkine, monocyte chemoattractant protein 1 (MCP-1)), monocyte/macrophage marker (CD11b), and the anti-inflammatory cytokines (IL-10 and TGF-β 2 ) in colon tissue (Figure 3) . Under inflammatory conditions, M16V significantly suppressed IL-1β, Fractalkine, and CD11b, but it did not suppress other cytokines (IL-1α, IL-10, and TNF-α) or chemokine (MCP-1). Under normal conditions, M16V did not alter DAI, body weight change, colon length, plasma albumin levels, histological score, blood cell counts, blood and spleen leukocyte populations, colon cytokine, or colon chemokines.
Lymphocyte Populations and T-Cell Subsets in the Blood and Spleen
Colitis significantly increased the proportions of natural killer (NK) cells in blood lymphocytes and of T cells in the spleen lymphocytes and significantly decreased NK cell and NKT cell proportions in the spleen lymphocytes (Figure 4) . Colitis significantly increased helper T (Th; CD3 + CD4 + ) cell subsets and decreased cytotoxic T (Tc; CD3 + CD8 + ) cell subsets among spleen T cells (Figure 5) , thereby changing the Th/Tc ratio among spleen T cells significantly (control, 1.44 ± 0.02; M16V, 1.40 ± 0.02; DSS, 1.74 ± 0.05**; DSS+M16V, 1.66 ± 0.10; **P < 0.0001 vs. control). Lymphocyte cell subsets altered by colitis in the blood and spleen were not affected by M16V. Under normal conditions, M16V significantly increased NK cell proportions in blood lymphocytes compared with the control group, but it did not affect other cell proportions among lymphocytes and T-cell subsets (Figures 4 and 5) . , and (e-h) colon histological photographs in weanling F344 rats. (e-h) Representative (shows the near average scores of each group) histological photographs of the distal colon of weanling rats (magnification: ×4). (e) Control group (total score = 0), (f) M16V group (total score = 0), (g) DSS group (inflammation severity score = 12.0, inflammation extent score = 12.0, crypt damage score = 14.7, total score = 38.7), (h) DSS+M16V group (inflammation severity score = 10.5, inflammation extent score = 10.5, crypt damage score = 11.5, total score = 32.5). Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.01, **P < 0.0001 vs. control group.
† P < 0.05; ‡ P < 0.01 vs. DSS group. Data are expressed as mean ± seM (control and M16V, n =4; Dss and Dss + M16V, n = 6). *P < 0.05; **P < 0.01 vs. control;
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Systemic Immune Function
Colitis significantly suppressed most of the T-cell cytokines evaluated in spleen leukocytes (IFN-γ, IL-2, IL-4, IL-10, and IL-17), tend to suppress IL-6 (P = 0.058), and had no effect on TGF-β 1 (TGF-β 2 were not detected in all groups). M16V significantly suppressed IFN-γ reduction and tended to suppress IL-2 reduction (P = 0.071) induced by colitis but had no effect on the other cytokines (IL-4, IL-10, IL-17, and TNF-α; Figure 6 ). Under normal conditions, M16V significantly suppressed spleen IL-10 and IL-17 production than in the control group, but it did not affect other cytokines (IFN-γ, IL-2, IL-4, and TNF-α; Figure 6 ).
Colon Microbiota
Colitis significantly increased Bifidobacteria and Enterobacteriaceae and significantly reduced B. breve and Lactobacillus in the colon content. Under inflammatory conditions, M16V significantly recovered the reduction in B. breve and the increase in Enterobacteriaceae. However, M16V did not alter the colitis-induced changes in Bifidobacteria or Lactobacillus. Under normal conditions, M16V significantly increased B. breve but did not alter other bacteria (Figure 7 ).
DISCUSSION
In this study, we examined the influences of inflammation and the effects of B. breve M-16V on normal and inflammatory conditions during the weaning period. After delivery, infants show a polarization of Th cells toward a dominance of Th2 cells, and immune maturation occurs by skewing Th1 and regulatory T (Treg) cells during development (15) . If normal immune maturation fails, allergy and autoimmune diseases can arise (15) . Inflammation causes many metabolic and immune disorders (13) . However, reports on the influence of inflammation during the weaning period are limited (16, 17) . In our study, inflammation in the colon hindered growth (reduced body weight gain and colon shortening) and was associated with poor nutritional status (low plasma albumin), anemia, and altered peripheral immune cell populations and systemic immune functions (Figures 1, 2 , and 4-6). Colitis increased monocyte proportion in blood leukocytes (Figure 2e ). In accordance with this result, monocyte/ Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.05; **P < 0.001 vs. control group; † P < 0.05 vs. DSS group. Articles Izumi et al.
macrophage marker (CD11b), monocyte/macrophage tropic chemokine Fractalkine (18) , and monocyte chemoattractant chemokine MCP-1 were increased (Figure 3j-l) . These results suggest that monocytes/macrophages are recruited in the blood and inflamed tissues. Colitis altered the lymphocyte cell population also (Figure 4) by significantly increasing the blood NK cell proportion and decreasing the spleen NK cell and NKT cell proportions (Figure 4a,d,e) , indicating that pooled NK and NKT cells are recruited in the blood and inflamed tissues. Reportedly, colitis increased NK and NKT cells in inflamed colon lamina propria by inflammation-induced IL-15 (19) . Colitis also increased the T-cell population in spleen lymphocytes (Figure 4f) by 
CD11b (also known as integrin αM). Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.05; **P < 0.01 vs. control group; † P < 0.05; ‡ P < 0.01 vs. DSS group. 
Effects of B. breve on weanling rat
Articles significantly altering Th and Tc cell populations (increasing Th but decreasing Tc cell proportions) (Figure 5d,e) ; as a result, the Th/Tc ratio was significantly altered (control, 1.44 ± 0.02 vs. DSS, 1.74 ± 0.05; P < 0.0001), although blood T-cell populations were not affected. Lee and Woodward (20) reported that a low protein diet induced a higher CD4 + /CD8 + ratio (Th/Tc ratio) among T cells in the spleen (but not blood) of weaning mice, indicating that an increased spleen Th/Tc ratio also reflects a poor nutritional status. The spleen Th cell population increased; however, Th cell cytokine production in spleen leukocytes was significantly lower under inflammatory conditions (Figure 6 ). These results suggest that inflammation altered T-cell function or inhibited T-cell functional maturation. A previous study showed that DSS-induced colitis caused thymus involution and altered thymus function (21) . Thymus development depends on growth hormones, which in turn depend on protein nutritional status. Accordingly, colitis induced protein malnutrition, which caused thymus malfunction, which in turn altered T-cell function in the spleen. . Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.05; **P < 0.01 vs. control group. Articles Izumi et al.
As described above, a previous study using microarray analysis suggests that M16V might exhibit an anti-inflammatory function (12) . Thus, in this study, we evaluated the effects of M16V on inflammatory conditions during the weaning period. Surprisingly, under normal conditions, M16V significantly suppressed spleen anti-inflammatory cytokine IL-10 production (Figure 5e) . However, M16V also suppressed inflammatory cytokine IL-17 production under the same conditions (Figure  5f ). These results suggest that M16V could alter systemic T-cell immune functions during the weaning period. In comparison, under inflammatory conditions, M16V significantly improved inflammation-induced changes (DAI, colon shortening, blood albumin and Hb reductions, and histological changes; Figures  1 and 2 and Table 1 ). Moreover, M16V significantly suppressed inflammatory cytokine (IL-1β) and monocyte/macrophagerelated molecules (Fractalkine and CD11b) in the colon induced by colitis (Figure 3) . Tomosada et al. (22) . reported that M16V interacted with TLR2, upregulated the expression of A20 (a ubiquitin-editing enzyme) in intestinal epithelial cells, and modulated the subsequent TLR4 activation by reducing the activation of MAPK and NF-κB pathways. Our results might have resulted from the same mechanisms. M16V administration significantly suppressed or tended to suppress the colitis-induced reduction of several spleen T-cell cytokines, such as IFN-γ (P < 0.05) and IL-2 (P = 0.071) (Figure 6) . Interestingly, when compared under normal conditions, although M16V significantly suppressed spleen IL-10 and IL-17 production, M16V did not worsen the colitisinduced cytokine reduction (Figure 6) . That is to say, M16V alters systemic immune function, however, does not promote local inflammation. This mechanism is still unknown; however, it is important that at least M16V would not worsen colitis.
Colitis altered microbiota in colon. In the DSS group, Bifidobacteria and Enterobacteriaceae were increased significantly, but B. breve and Lactobacilli were decreased significantly (Figure 7) . Generally, intestinal microbiota is involved in colitis (23) . Enterobacteiraceae were increased and Lactobacilli were decreased in gut microbiota of inflammatory bowel disease patients and in an animal colitis model (23, 24) . Our results are in agreement with these previous reports. However, Bifidobacteria, generally known as beneficial bacteria, also increased in the DSS group. A recent study showed that Bifidobacteria in mucosal biopsy of active ulcerative colitis Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.05; **P < 0.01 vs. control group.
† P < 0.05 vs. DSS group. Articles patients were increased (25) . Conversely, B. breve was significantly decreased in the DSS group, indicating that colitis might change the composition of Bifidobacterium species (Figure 7) . Under inflammatory conditions, M16V administration significantly improved the reduction of B. breve and the increase of Enterbacteriaceae (Figure 7) . Under normal conditions, M16V administration did not significantly change the microbiota in the colon except for B. breve (Figure 7) . This result is in agreement with a previous study showing that M16V administration did not change weanling rat microbiota (12) . Recent accumulating evidence has indicated that some probiotic bacteria improve the inflammatory status (23, 26) . Previous study reported that several probiotic strains ameliorate colitis by inducing Treg cells (26) . Thus, in this study, we also investigated Treg in blood and spleen, and Treg-related cytokine TGF-β in spleen and colon. Colitis increased TGF-β 2 in colon, however, did not change Treg proportions in blood or spleen lymphocytes and did not change TGF-β 1 production in colon and spleen (Figure 3, 5 and 6) . Zakostelska et al. (26) . reported that administration of Lactobacillus casei DN-114 001 increased the proportion of Tregs in the mesenteric lymph nodes (MLNs), although the proportions in spleen and Peyer's patches did not change. And Liu et al. (27) also reported that the Treg increase by administration of Lactobacillus reuteri DSM 17938 was found in the ileum and MLNs. These studies suggest that the Treg induction caused by probiotics might occur mainly in the MLNs and lamina propria (26, 27) .
In conclusion, colitis causes poor nutritional status and as a result inhibits physical and immune development in weaning period, therefore, suppressing colitis in this period is important, and our results suggest that M16V can suppress inflammation. Thus, this strain is considered a safe strain to use not only in neonatal infants but also in weaning children. However, to expand the applications of this strain, further studies are necessary to clarify the mechanisms that increase blood NK cells and reduce spleen cytokines (IL-10 and IL-17) induced by M16V administration under normal conditions. Moreover, further studies focusing on the effects of M16V on other immune organs such as lamina propria and MLNs that were not investigated in this present study are needed.
METHODS
Experimental Design
All animal experiments were approved by the Institutional Animal Care and Use Committee of Morinaga Milk Industry Co., Ltd. and were performed in accordance with the Guide for the Care and Use of Laboratory Animals of Morinaga Milk Industry Co., Ltd. Pregnant F344/N rats (12 wk old at mating, n = 6) were obtained from Japan SLC Inc. (Shizuoka, Japan). After birth, neonatal rats were reared by their mothers until PD 20 (around weaning day of rats). After weaning, weanling rats were housed individually in cages under temperaturecontrolled (23 ± 2 °C) conditions and a 12/12-h light/dark cycle and were allowed free access to a commercial diet and water. Weanling rats were divided into four groups: the first and second groups consisted of 10 rats each given autoclaved tap water as drinking water from PD 28 to 35. The third and fourth groups consisted of 12 rats each given DSS (molecular weight 36,000-50,000; MP Biomedicals, Santa Ana, CA) dissolved in drinking water at a concentration of 2% from PD 28 to 35 to induce colitis according to Fitzpatrick et al. (16) . and Vicario et al. (17) . They investigated about appropriate DSS concentration and treatment period. We decided DSS concentration as 2% and treatment period as 7 d based on their studies. M16V was obtained from a stock culture from the Morinaga Culture Collection (Morinaga Milk Industry, Kanagawa, Japan). This strain was deposited into the Belgian Co-Ordinated Collections of Micro-organisms as strain LMG23729 (6) . M16V (2.5 × 10 9 colony forming units) plus starch were suspended in phosphate-buffered saline (PBS), and the suspended solution was administered once daily by gavage to the rats in the second (M16V group) and fourth groups (DSS+M16V group). As a control, an equal volume of starch-suspended PBS was administered to rats in the first (control group) and third groups (DSS group). Oral administration of M16V or control solution was started 7 d before induction of colitis and was continued for 14 d, until 1 d before sacrifice (PD21-34). At PD35, rats were sacrificed by deep anesthesia using sevoflurane (Mylan, Cecil Township, PA). Blood samples were collected from the inferior vena cava using an EDTAcoated syringe. Leukocytes, erythrocytes, and Hb were analyzed using a KX-21NV (Sysmex, Kobe, Japan). Following the cell counts and leukocyte preparation, the remaining blood was centrifuged (1,200g, 25 °C, 10 min) to obtain plasma. The spleen was removed aseptically and preserved in cold sterile Hanks' balanced salt solution. The colon was removed and its length measured without stretching. The colon was opened, and its content was collected and was flushed with cold sterile PBS. A segment (2 cm) of the colon for cytokines, chemokines, Data are presented as the mean ± SEM; n = 10, control group and M16V group; n = 12, DSS group and DSS+M16V group; *P < 0.05; **P < 0.01 vs. control group;
† P < 0.05; ‡ P < 0.01 vs. DSS group. and macrophage marker analyses, was removed located 2.5 cm from the anus, and refrigerated immediately. And a segment (2 cm) of the colon from anus was removed for histological analyses or mRNA analyses. The colon tissue for histological analyses was fixed in 10% formaldehyde neutral buffer immediately, and the colon tissue for RNA analyses was stocked in RNAlater (Ambion, Ausitin, TX) and refrigerated until use.
Disease Activity Index
The DAI was determined using a five-point severity scale ranging from 0 to 4, according to the method of Fitzpatrick et al. (16) ( Table 2 ). The DAI was calculated by summing the scores for stool consistency and occult blood/gross bleeding and then dividing by 2. The presence of occult blood was determined using a hemoccult fecal blood kit (Shionogi, Osaka, Japan).
Colonic Hisotology Evaluation
Histological damage was determined on a 40-point severity scale, according to the method of Fitzpatrick et al. (16) (Table 3) . Total colonic scores were determined by multiplying the three different histological features (inflammation severity, inflammation extent, and crypt damage). Six areas on each histology slide were evaluated, and a mean histology score was determined for each slide. The evaluation was done in the Histo Science Laboratory (Tokyo, Japan), and the investigator was unaware of the treatment group.
Colon Homogenate
Colon tissue samples were homogenized twice for 30 s using a polytron homogenizer (PT 10-35 GT, Kinematica) in ice-cold PBS. Homogenate samples were centrifuged (10,000g, 4 °C, 10 min), and the resulting supernatants collected and stored at −80 °C until analysis.
Preparation of Peripheral Blood and Spleen Leukocytes
Erythrocytes in peripheral blood were removed by incubating blood samples for 5 min with Pharm Lyse (BD Biosciences, San Jose, CA) at room temperature to prepare peripheral blood leukocytes. The isolated spleen was minced in Hanks' balanced salt solution. Singlecell suspensions were prepared by gently sieving the spleen through a 70-μm cell strainer. Erythrocytes were removed using Pharm Lyse. Cell suspensions were washed twice with cold Hanks' balanced salt solution to obtain leukocytes.
Flow Cytometric Analysis
Peripheral blood and spleen leukocytes were pretreated with a mAb that blocks Fc receptor binding (D34-485) for 10 min at 4 °C. Cell surfaces were subsequently stained with the following mAbs: allophycocyanin-labeled antirat CD3 (1F4), FITC-labeled antirat CD4 (OX-35), peridinin-chlorophyll-protein complex-labeled antirat CD8 (OX-8), phycoerythrin-labeled antirat CD161 (10/78), and phycoerythrin-labeled antirat CD25 (OX-39) (All from BD Biosciences) for 30 min at 4 °C and then washed twice with Cell Wash (BD Biosciences) reagent containing 2% fetal calf serum. Cells were resuspended and fixed in CellFIX (BD Biosciences). For intracellular Foxp3 staining, cells were fixed and permeabilized using the Fixation/ Permeablization set (eBioscience, San Diego, CA). Following fixation, cells were stained with allophycocyanin-labeled antimouse/ rat Foxp3 (FJK-16s; eBioscience), and labeled cells were analyzed using a flow cytometer (FACSCanto, BD Biosciences). Flow cytometric data were analyzed using FlowJo software (Tree Star, Ashland, OR). Cell populations were evaluated according to previous studies (28, 29) . The detailed gating strategy for cell population is shown in Supplementary Figures S1 and S2 online.
Cell Culture
Spleen leukocytes were cultured in triplicate in 96-well flat bottom plates at 1 × 10 6 cells/ml in a final volume of 200 μl. The culture medium consisted of RPMI-1640 medium containing 10% fetal 
